T he differential effect of synthetic p lan t grow th substances an d other com pounds upon p lan t species I. Seed g erm in atio n an d early grow th responses to a-naphthylacetic acid an d com pounds of the general fo rm u la arylO C H 2COOi?
The study of the effects of plant growth substances at Jealott's Hill Research Station was originally undertaken to determine whether the organic matter applied to or present in soils owed any of its beneficial properties to the presence of plant growth substances such, for example, as />-indoly lace tic acid. Plants have been treated with crude extracts of farmyard manure, composts and fertile soil and with pure growth substances. The experiments with pure growth substances (Templeman 1939; Templeman & Marmoy 1940) demonstrated no increase in the growth of plants as measured by the dry-matter production but, in common with a number of other investigators, it was observed th at the highest concentrations used (especially of a-naphthylacetic acid) depressed the growth rate. Dr R. E. Slade suggested th at these compounds might give different depressing effects on the growth rates of different plants, and th at new methods of selectively influencing plant associations might result from the use of these compounds or others knowr to affect cell functions. This suggestion received support from the fact that tin root initiating response of cuttings to a-naphthylacetic acid varied greatly fron species to species (e.g. Metcalfe & Templeman 1939) , and from the experiment on total growth carried out between 1937 and 1940. The first experiments of th< investigation begun in 1940 with a-naphthylacetic acid showed that such variation with species did exist, and the programme was then extended by the synthesis 0 more active and more readily prepared compounds. Description is given of thes experiments and of the subsequent biological work. [ 300 ] The differential effect of synthetic plant growth substances
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Since writing this paper we have seen a publication by Hamner & Tukey (1944) on The Herbicidal Action 0/ 2:4 dichlorophenoxyacetic and 2:4:5 acetic acid on Bindweed. The former of these two substances will be found in this paper classed among the compounds more active than a-naphthylacbtic acid.
The biological work was carried out at Jealott's Hill Research Station and the chemical work in the Research Laboratories of the Dyestuffs Division of I.C.I. Ltd. at Manchester. P a r t 1. T h e d i f f e r e n t i a l e f f e c t o f a-NAPHTHYLACETic a c i d o n t h e g e r m i n a t i o n OF OAT ( A v ENA SAT1VA L.) AND YELLOW CHARLOCK ( S lN A P IS VlSIANl) SEED In the first place it was necessary to determine whether synthetic growth substances had a differential effect upon the germination and growth of different plant species. The first experiments carried out during 1940 used a-naphthylacetic acid or its sodium salt, which were known to bring about epinastic responses and to stimulate the initiation of roots on stems. The first two species-the oat (Arena sativa L.) and yellow charlock ( B r a s s i c a S Visiani)-wer the practical value of such an investigation, since yellow charlock is the comnonest annual weed of spring-sown cereals in this country.
Experiments were carried out upon seed sown in boxes of soil out of doors and ipon seed placed upon moist filter paper in the laboratory.
Wooden boxes 12 x 12 x 4 in. were filled with seeding compost made according o the John Innes Horticultural Institution formula and sown with oats (in two ows 6 in. apart) and yellow charlock (broadcast) on 23 August 1940. The boxes rere watered and the following treatments applied the same day:
(1) C o n trol-sa n d only (2) a -n a p h th v la c e tic acid (3) (4) (5) (6) (7) C o n trol-w a te r only (8) a -n a p h th y la c e tie acid (9) ( 10) (11) (12) (13) C o n trol-w a te r only (14) a -n a p h th y la c e tic acid (15) (16) (17) (18) here were four replicate boxes for each treatment. I t is quite clear from this experiment that applications of 50-250 mg. per be of a-naphthylacetic acid (especially where applied by watering-on a solution) ha^ markedly reduced the germination of the charlock without reducing that of tl oats. At highest rates of application the rate of growth of the oats was slight retarded as shown by the height measurements, but this difference from tl controls gradually disappeared.
Experiment 2
A second box experiment was laid down to investigate further this different] effect on the two species used in the previous experiment. All the boxes were sov with oats as before on 16 September 1940. Half were sown with yellow charlo on the same day and the other half on 24 September 1940 when the oats were jr showing through the soil. Treatments were applied on 26 September 1940 wh the oats were in. high and the charlock germinating on the first series, and tl time the a-naphthylacetic acid was applied at 50, . 100 and 250 mg. per box in d sand, as a sprayed solution and mixed with ammonium sulphate as a carrier. 11 latter method was adopted, since for practical agricultural purposes it would suitable since it is normally applied in spring as a top-dressing to cereal crops.
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The full list of treatments was as follows:
A.
(1) C ontrol-sa n d only (2) a -n a p h th y la c e tic acid (3) (4) (5) C ontrol-w a te r only (6) a -n a p h th y la c e tic acid (7)
(9) C ontrol-am m o n iu m su lp h a te only (10) a -n a p h th y la c e tic acid 50 m g. p er box'! A. T re a tm e n ts 1-12: o ats a n d charlock sow n to g e th er. B. T re a tm e n ts 13-24: o ats sow n first, charlock 8 d ay s la te r.
Again there were four replicates for each treatm ent; daily germination counts md periodic height measurements were made.
The results for oat germination counts of 2 October 1940, oat height measurenents for 1 November 1940, and charlock germination counts for 22 October 1940 ire given in table 2.
The charlock which did germinate on the treated boxes in this experiment grew rery slowly compared with th at of the control boxes. As plate 4 shows, the differ-;nces between the controls and treated boxes were more marked than the figures ndicate. This experiment confirms the first one and clearly shows th at a-naphthylicetic does have a differential effect upon the germination of yellow charlock and >ats.
In connexion with this effect two other experiments were carried out in boxes 4 soil, but are not described in detail. The first of these showed that the common reed-killers, sodium chlorate, sodium arsenite, copper sulphate and dinitro-oresol, did not have this selective action on germination of these two species rhen applied at similar rates to the a-naphthylacetic acid. The second showed that he root crops, mangolds and sugar beet, reacted similarly to the yellow charlock nd not like the oats.
T a b l e 2 . R e s u l t s o f e x p e r i m e n t 2 m e an no.
percen tag e m ean no. m ean height charlock p la n ts redu ctio n o a t p la n ts of o at p lan ts p er box, of charlock p er box, 1. xi. 40 tre a tm e n t 22. 
(b) Experiments on filter paper
In addition to the experiments in soil, laboratory experiments were also con ducted in which seeds of the same species were germinated, upon filter paper mois tened with solutions of a-naphthylacetic acid. The actual equipment used was i Petri dish containing the solution, a glass plate ( | plate size) lying on the Petr dish, thick filter paper cut to the size of the plate with two tabs bent down into tb solution to act as wicks, the seeds (50 for oats and 100 for yellow charlock) placed oi the filter paper and covered by a small Copenhagen bell-jar. There were always fou replicate units for each treatment. All yellow charlock seed used in the laborator experiment was pre-treated in concentrated sulphuric acid for 5 min., thorough! washed in calcium carbonate suspension, then in water and finally dried so a to increase the percentage germination of this seed.
Experiment 3
The experiment was set up on 9 January 1941, and daily germination comb were made until no increase occurred. This was until 27 January 1941, and th figures for this date are given in table 3.
T a b l e 3 . R e s u l t s o f e x p e r i m e n t 3 m ean p ercen tag e g erm in atio n red u c tio n in tr e a tm e n t 27. i. 41 germ in atio n oats
(1) C ontrol 48-0 -(2) a -n a p h th y la c e tie a c id : 50 p .p .m . 0-0 100 * The results on the germination of these two plants are very striking. After germination the root growth of charlock was much restricted at the lowest con centration and practically nil at 200 p.p.m., the highest concentration at which germination took place. At first there was slower root and shoot growth for oats at all concentrations, even though germination was practically unaffected, but later the plants, although showing some epinastic response, made good recovery.
A repetition of experiment 3, but using sodium a-naphthylacetate instead of the free acid gave results which were exactly as in the previous one.
From these preliminary experiments it is obvious th at a-naphthylacetic acid (or its sodium salt) has a much greater effect upon the germination and early growth of yellow charlock than it has upon oats. Other tests not described in detail showed th at greater plantain ( P la n ta g o m a jo r L.) and yarrow {Achillea Mi L.) behaved very similarly to yellow charlock, and th at other cereals (rye, barley and wheat) reacted like oats. The first point was thus established by these pre liminary experiments th at there are concentrations of a-naphthylacetic acid which much more seriously damage germination and early growth of some species than they do others.
At this stage it was decided th at a chemical survey should be undertaken of related substances with a view to the discovery of more active and more readily prepared compounds. This work is reported in part 2 of this paper. P a r t 2. T h e s e a r c h f o r a l t e r n a t i v e s u b s t a n c e s t o oc-n a p h t h y l a c e t i c a c i d
The guiding motive was an economic one, and in seeking alternative substances the chemical aspect of the problem prompted a search first amongst naphthalene derivatives which did not require for their synthesis the direct attachment of a carbon atom to the naphthalene nucleus. I t is this feature of a-naphthylacetic acid which rendered it economically unattractive for the purpose in view, namely, the development of a selective weed-killer for agricultural use. The discovery that /?-naphthoxyacetic acid (Bausor 1939a, b) produced responses in plants broadly similar to those produced by a-naphthylacetic acid provided, therefore, a desirable chemical type, and it was quickly found that, like a-naphthylacetic acid, this substance had a pronounced effect on the germination of charlock at concentra tions which had no effect on oats. The substance was, however, less potent than a-naphthylacetic acid, and this prompted a systematic examination of compounds of the general formula:
arylOCH2COOi?, where the aryl radicle was benzene or naphthalene, with and without substituents, and R was hydrogen, an alkali metal or an alkyl radicle.
W . Gr. T em p lem an a n d W . A. S ex to n Preparation of compounds (a) Acids. The following acids were prepared by methods described in the literature, and were characterized by their melting-points. The general preparative method involved condensation of the parent phenol, with chloracetic acid in the presence of alkali, though the dinitro compound was obtained by nitration of the unsubstituted phenoxyacetic acid: The following acids have not hitherto been described. They were prepared by condensation of the phenol with chloracetic acid in the presence of alkali and purified by crystallization from an appropriate solvent. Their constitution follows from the method of preparation and from the fact that they were all soluble in dilute sodium carbonate. As a further check upon the constitution of 4-chloro-2-methylphenoxyacetic acid, the only one of the new compounds which gave out standing biological effects, it was subjected to analysis for chlorine. Found:
17-6 % ; C 9H 90 3C1 requires C l = 17-7 % . (b) Esters, etc . In order to determine whether ready solubility in water was an essential property of a substance having a powerful effect in preventing the germination of seeds, a series of esters of a-and /?-naphthoxyacetic acids was prepared, together with the amide and nitrile of the latter. Ethyl /i'-naphthoxyacetate was made by esterification of the acid with ethyl alcohol as described in the literature, and the amide was obtained by treatm ent of the ester with ammonia and was converted to the nitrile by means of phosphorus pentoxide. These three compounds were characterized by their melting-points. Other esters of /?-naphthoxyacetic acid (not described in the literature) were made the same way by boiling the acid in excess of the appropriate alcohol in the presence of a small quantity of sulphuric acid. Each was purified by an appropriate procedure, and their character istics are indicated in the table below.
The differential effect of synthetic plant growth substances The isopropyl ester, being of particular interest because of its high biological activity, was subjected to analysis. Found: C, 73-7; H, 6*8 %; C15H 160 3 requires C, 73-9; H, 6-6 %.
Ethyl a-naphthoxyacetate is described in the literature (Spica 1886) as a crystal line solid, m.p. 173-4°. This description is incorrect, and we record a figure of 55-6° for its melting-point. The compound was prepared in the same way as the above esters of /?-naphthoxyacetic acid and purified by crystallization first from alcohol and then from light petroleum. Analysis gave: C, 72*2; H, 5-9 %; C14H140 3 requires C, 73-0; H, 6T %.
P a r t 3. E x a m i n a t i o n o f c o m p o u n d s s y n t h e s i z e d
AND OTHER BIOLOGICAL EXPERIMENTS
The second part of the biological work consisted of the examination of the materials described in part 2 and of the determination of the reaction of other species both crops and weeds.
To examine the compounds which had been synthesized a dual sorting test was used as follows:
(a) Laboratory: a test under laboratory conditions in quadruplicate with seed of spring oats and yellow charlock on absorbent paper imbibing an aqueous solution of 200 p.p.m. of the substance under test for a period of about 10 days. Only water-soluble compounds were subjected to this test.
(b) Soil: a test in duplicate in 12 x 12 in. boxes of soil sown with spring oats and yellow charlock and treated immediately after seed sowing with the dry material at a rate equivalent to 25 lb. per acre ground in sand. The activity was assessed after a period of 3 weeks. This test was conducted in the open and the boxes were watered after application of the material under test and subsequently as necessary. All compounds were tested in this way.
In the laboratory test daily germination counts were made and observations recorded of the appearance of the seedlings of both species. For the soil series* periodic germination counts of both species and height measurements of the oats together with visual observations were made. Control (untreated) and a-naphthyl-acetic acid treatments were included in each test of a group of com pounds.
The results of these experiments indicate th at the majority of compounds used at the experimental concentrations had a conspicuous depressing effect on ger mination and seedling growth of the yellow charlock with little or no effect on the oats. The effect upon the charlock was either the prevention of emergence of the radicle, or if there was radicle emergence then the reduction and arrest of growth of this organ. In the soil series the difference between the controls and the most active treatments was most marked, the treated boxes showing no weed growth or germination whatsoever.
I t has been possible to divide *the compounds tested into the following broad classes:
Class A (activity greater than a-naphthylacetic acid): o-methyl phenoxyacetic acid (Na salt) ra-methyl phenoxyacetic acid p-methyl phenoxyacetic acid 2 :4-dimethylphenoxyacetic acid 2 :5-dimethylphenoxyacetic acid 3 :4-dimethylphenoxyacetic acid p-chlorophenoxyacetic acid (Na salt) 2 :4-dichlorophenoxyacetic acid 2 :5-dichlorophenoxyacetic acid 4-chloro-2-methyl phenoxyacetic acid 4-chloro-3-methyl phenoxyacetic acid /?-naphthoxyacetic acid (Na salt) 2 :4-dichloro-a-naphthoxyacetic acid (Na salt) methyl /bnaphthoxyacetate propyl (n) /?-naphthoxyacetate propyl (iso) /?-naphthoxyacetate butyl (iso) /?-naphthoxyacetate phenoxyacetic acid p-nitro-phenoxyacetic acid (Na salt) * 2 :4-dinitro phenoxyacetic acid (Na salt) a-naphthoxyacetic acid (Na salt) 1-chloro-2-naphthoxyacetic acid (Na salt) 2-chloro-l-naphthoxyacetic acid (Na salt) ethyl a-naphthoxyacetate
It was evident that the derivatives of phenoxyacetic acid and /?-naphthoxyacetic acid which appear in class A were most promising materials. Finer distinctions between the compounds were not possible in this first series of tests, but later experiments (to be published subsequently) indicate th at 4-chloro-2-methyl phenoxyacetic acid and 2 :4-dichlorophenoxyacetic acid are probably the two most active compounds in the present list.
The time of application of active material was at seed sowing in all the experi ments described above. I t was obviously necessary to determine whether applica tions made later in the life history of the two experimental plants also showed the selective action. In this connexion a-naphthylacetic acid (Na salt), p-chlorophenoxyacetic acid (Na salt) and 4-chloro-2-methyl phenoxyacetic acid when applied at 25 lb. per acre to ye]low charlock in the two-leaf stage (two real leaves expanded in addition to the cotyledons) caused epinasty, suppression of growth and subsequently withering and death. Ethyl /?-naphthoxyacetate, 4-methyl phenoxyacetic acid and 4-chloro-2-methyl phenoxyacetic acid showed very similar effects at 15 lb. per acre when the charlock had three or four real leaves. The oats were either undamaged or showed some small check in growth from which they appeared completely to recover.
It is clear, therefore, that the selective action resulting in the death of yellow charlock plants is not confined only to at-seeding applications. It was also essential to know how other weed species and other crops reacted to this treatment. Only
The differential effect of synthetic plant growth substances 309 preliminary work has been possible on this aspect of the problem, but a-naphthylacetie acid (Na salt) in a laboratory test at 400 p.p.m. completely inhibited the germination of plantain ( P la n ta g o m a jo r L.) and yarrow ( Millefolium whilst ethyl /?-naphthoxyacetate and 4-methyl phenoxyacetic acid seriously affected (at 200 p.p.m.) the early growth of corn buttercup {Ranunculus arvensis L.), fat hen {Chenopodium album L.), corn marigold {Chrysanthemum seget corn spurrey {Spergula arvensis L.) and field poppy {Papaver Rhoeas L.). Wheat, barley and rye behaved very similarly to oats, but marrow-stem kale, mangold, sugar beet and flax were all seriously affected by applications of 25 lb. per acre of some of the substances in class A and class B. Further work is being done on the susceptibility of a wide range of crop plants to these substances, but it is evident that the cereal plants are more resistant to harmful effects than are a number of weed and other crop plants. The suggestions from earlier work th at the concentration of a-naphthylacetic acid which prevents germination or seriously restricts seedling growth is different for different species has been investigated and proved to be true for the two species oats and yellow charlock. I t is shown th at the necessary concentration for yellow charlock is lower than it is for oats, and from the small amount of evidence available a similar state of affairs prevails for a number of dicotyledonous weeds and crops in contrast to other cereal species. Quite probably at higher concen trations still, the growth of the cereal would be restricted and the maximum differences between the responses of the two species wiU be where the growth reduction/concentration curves for them are most widely separated. The experi ments described in this paper were evidently within this zone of wide separation. No effort had been made to search for small differences, and it is quite likely that such an investigation will reveal many different responses of both types and degree from different species. The effect is not confined to a-naphthylacetic acid. Some substances of the general formula arylOCH2COOIt! have proved more active than a-naphthylacetic acid in depressing yellow charlock growth whilst leaving the oats unharmed. In preliminary trials these two species also responded differ entially to concentration of /bindolylacetic acid which occurs naturally.
The Boyce Thompson workers and others (Irvine 1938; Bausor 1939 Bausor , 1939 Bausor, Reinhart & Tice 1940; Zimmerman & Hitchcock 1939; Zimmerman, Hitchcock & Wilcoxon 1939) have recorded some effects of /?-naphthoxyacetic acid, and (Zimmerman & Hitchcock 1942) the substituted phenoxyacetic acids. /?-naphthoxyacetic acid was shown to produce abnormal formative effects on intact growing plants and of the substituted phenoxyacetic acids which they used, 2 :4-dichlorophenoxyacetic acid was proved to be extremely active in similar ways. The lower susceptibility of cereal seeds and seedlings to these substances when com pared with other dicotyledonous plants has not, however, been previously reported.
W . G. T em p lem an a n d W . A. S ex to n
The differential effect of synthetic plant growth substances ' 311 x For this particular effect which has been examined in our experiments, there are several interesting features which issue from the testing of a range of related chemical compounds. So far efforts to correlate chemical constitution and physio logical properties of plant growth substances have failed. Considering the relation ship between chemical constitution and physiological effect within the limited chemical sphere represented by compounds of the general formula arylOCH2COOR it is first of all important to note the inactivity of /i-naphthol and 5-chloro-ocresol, the parent phenols from which two of the most active compounds (/?-naphthoxyacetic acid and 4-chloro-2-methyl phenoxyacetic acid) are derived:
The effects produced appear to be due to the molecule as a whole and several points may be noted: (а) The greater activity of /bnaphthoxyacetic acid over the a-isomer contrasts with the order prevailing in the known root stimulating properties of a-and /Cnaphthylacetic acids.
(б) Chlorination of the phenoxy compounds generally appears to increase their activity, whereas this is not so for chlorination of the naphthoxy compounds.
(c) The introduction of methyl groups into phenoxyacetic acid has a marked effect.
I t is very interesting that the amide, nitrile and some of the esters of /Cnaphthoxyacetic acid are at least as active as the acid itself. These substances differ profoundly from the parent acid and its salts in their physical properties. They are relatively insoluble in water, have a higher volatility, and their solubility in lipoids is higher. The activity of a compound does not, therefore, appear to be entirely dependent upon its physical properties, though these may play an impor tan t contributory part. It is possible th at the esters, etc., are simply hydrolysed -to the free acid upon or before reaching the seat of the reaction, the active agent being the free acid. The results of the experiments so far show that the cereal plants are the least susceptible with non-cereals more easily damaged, and the work is being extended to discover whether the members of the Gramineae generally react like oats and whether variations in response are present in other non-cereal plants. A study of the different characteristics of cereal and non-cereal seeds and seedlings is essential to any effort to discover the mechanism of the action of the aryloxyacetic acids. It was at first thought that these materials in some way interfered with the enzymic mobilization of the food reserves of the seed at and during germination, but the fact th at intact and growing plants as well are stunted and the root growth drastically suppressed suggests th at the effect is more general upon plant tissue. It is proposed to initiate studies of the effects of the most active substances upon the water relations, enzyme reactions and chemical composition of species of the two contrasting types. I t seems th at interference with some enzyme system or systems is a likely explanation, and therefore the effects of the aryloxyacetic acids will be tried upon some of the known enzyme reactions. Investigation of the anatomical, morphological and cytological effects is also being pursued.
The two species which have been used in these experiments differ widely in their responses to concentrations of the active substances. It is conceivable, however, that a range of differing degrees of response may be found when a large number of species has been examined, and it may be possible to classify them on this basis. It will be most interesting to discover what relations exist, if any, between a classification founded upon the reaction of species to growth substances such as the aryloxyacetic acids and the normal one based upon morphological characteristics.
This discovery of the differential depressing effects of these substances also raises the question whether the type and botanical composition of natural plant associations are due to or influenced by concentrations of substances with similar properties occurring under natural conditions. Such a possibility appears more real when it is realized th at OT p.p.m. in the growing medium of some of these active materials will practically suppress the growth of some species. Many other interesting results will be discussed in later papers of this series.
From the practical standpoint the differential response of plants to certain concentrations of the aryloxyacetic acids is most important. Two of the most common plant associations of agriculture consist of graminaceous plants growing together with non-graminaceous ones, to wit, the grass and legume species of pastures and the cereal and weed species of arable land. It is quite feasible that the legume content of a pasture sward may be reduced by light dressings of such materials as mentioned in this paper and the possibility of reduction, eradication or the prevention of infestation of cereal crops by dicotyledonous weeds is of supreme practical importance. A great deal of work upon the reaction of different weeds is necessary, but the value of a selective weed-killer working by adsorption through the roots as well as the leaves would be very great. The incorporation of such a material in the normal spring fertilizer dressing given to cereal crops, if effective in destroying annual weeds and preventing weed-seed germination during the early growth of the corn crop, would have immense beneficial possibilities. Field experiments are in progress and will be described in subsequent com munications.
